We demonstrate the fabrication of metal and semiconductor nanodot arrays on Si by pulsed laser deposition using an anodic alumina membrane as a mask. A Hexagonal-close-packed nanopore membrane mask was fabricated by the anodic oxidation of aluminum sheet. Pulsed laser deposition of Ag, Ni, ZnO, and Er-doped Si (Si:Er) nanodots was performed on a Si substrate to which an alumina membrane mask adheres by van der Waals interaction. Highly ordered arrays of Ag, Ni, ZnO, and Si:Er nanodots with average diameters ranging from 55 to 86 nm and a periodicity of $100 nm were obtained. Also, the timeresolved images of laser-produced plasma plumes were analyzed to examine the dynamical properties of the ejected materials.
Introduction
The fabrication of regular nanodot arrays has attracted considerable interest due to their potential nanodevice applications such as optoelectronics, information storage, and sensors. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Several methods have been employed to produce nanodot arrays, including lithographic techniques, 12, 13) deposition of materials onto self-ordered surfaces, 14) controlled nanoparticle growth by diffusion, 15) selfassembly of nanoparticles from solution onto substrates, 16) and template-based methods. 17) The most common technique of fabricating nanodot arrays has been electron beam lithography. However, e-beam lithography has some drawbacks such as a low throughput due to its long exposure time, restriction of resist materials, and the high cost of equipment. As an alternative, selforganized oxidation of aluminum has shown the possibility of yielding a highly ordered nanopore array with hexagonal close packing. The size, separation, and length of pores are controlled by varying the etching and oxidation conditions: interpore spacing ranges from 50 to 400 nm and pore size from 25 to 300 nm.
18) The alumina nanopore template can be separated from the host aluminum sheet using a lift-off process and can be bonded to the substrate surface by van der Waals interaction.
Using the alumina nanopore templates as masks, metal nanodot arrays were fabricated by thermal evaporation of metal sources [19] [20] [21] and semiconductor nanodot arrays by molecular beam epitaxy. 22) Such processes have several advantages: each dot has almost identical size and spacing, and the size and spacing can be easily controlled by changing the geometrical structure of the anodic porous alumina.
Here, we demonstrate that pulsed laser deposition (PLD) can be applied to deposit metal and semiconductor nanodots onto Si using an anodically oxidized alumina nanotemplate as a mask. PLD has been successfully employed to deposit various thin films such as superconductors, dielectrics, metals, and semiconductors. 23) One of the most prominent advantages of PLD over other techniques is the convenient and precise control of multilayer growth. Although we have not attempted it yet, multilayered nanopillar arrays thus may be realized by the combination of PLD and an anodic aluminum oxide (AAO) nanotemplate.
In our experiment, hexagonal-close-packed (hcp) arrays of Ag, Ni, ZnO and Si:Er (Er-doped silicon) with a periodicity of 100 nm were obtained on Si by laser ablation of solid targets. In particular, ZnO 24) and Si:Er 25) are currently being investigated extensively due to their electrooptic applications. We investigated the characteristics of laser-produced plasma plumes by analyzing their timeresolved images to obtain their dynamical properties. An AAO nanotemplate survived the harsh environment of the laser-produced plasma plume where energetic collisions prevail, the average kinetic energies of ionic species being often markedly higher than 10 eV. 26) 2. Experimental Figure 1 shows the schematics of the experimental procedure including the preparation of the alumina template by anodic oxidation of an Al sheet, separation of the alumina membrane, etching of the alumina barrier layer, adhesion of the alumina membrane onto Si, and the pulsed laser deposition of target materials onto the Si substrate through nanopores. The alumina nanopore template was prepared as follows: first, a pure Al sheet (99.99%, Aldrich) was electropolished in a solution of perchloric acid and ethanol. Al was oxidized at a constant voltage of 40 V in a 0.3 M oxalic acid solution at 7 C for 21 h. Then the anodic oxide layer, part of which was distorted, was removed by dipping in a mixture of phosphoric acid (6 wt%) and chromic acid (1.8 wt%) at 60 C for 20 h. After the removal of the anodic oxide layer, a textured pattern of concaves was obtained on the Al surface. The second anodization of the textured Al was performed for 18 min under the same experimental conditions as those used for the first anodization. Ordered holes were fabricated from each concave. Subsequently, the porous alumina membrane was separated from the Al in a saturated HgCl 2 solution. The bottom part of the anodic porous alumina membrane was removed by etching in 0.5 M NaOH solution at 25 C for 55 s to form a through-hole membrane.
The size, length, and periodicity of the porous structure of the anodic alumina were dependent on the conditions of anodizing and the subsequent etching process. The separation of the pores increased in proportion to the applied voltage during anodization, and the length was proportional to the anodizing time. We obtained AAO templates with a typical diameter of 40-65 nm, a period of 90-100 nm, and a pore length of 600-700 nm in this study.
The alumina template was bonded directly onto a Si(100) substrate using van der Waals force. Figure 2 (a) shows a field-emission scanning electron microscopy (FE-SEM) image of the surface of alumina nanopore arrays before the etching of the barrier layer in NaOH solution. From the analysis of the SEM images, a uniform pore diameter of 43 nm and an interpore distance of 100 nm were obtained. After the etching of the barrier layer, the pore diameter increased up to 65 nm. Then the nanopore membrane was attached to the Si substrate by van der Waals interaction. Figure 2 (b) shows a side-view FE-SEM image of the alumina template bonded to Si substrate. The thickness of the alumina membrane was estimated to be 600 nm.
For the growth of metal and semiconductor nanodots, the Si substrate with a membrane mask on top was installed on a rotatable sample holder inside the PLD chamber. The targetto-substrate distance was set to 2.3 cm. The base pressure of the PLD chamber was 1 Â 10 À7 Torr. The diameter and the thickness of the Ag, Ni, and Zn targets (99.99%, ESPI) were 25.4 mm and 6 mm, respectively. The Si:Er target was prepared by attaching a metallic Er strip (25:4 mm Â 1 mm Â 1 mm) to a pure silicon disk (diameter = 25.4 mm).
Ag and Ni targets were ablated using Nd:YAG laser ( ¼ 355 nm, 25 mJ, 2.5 J/cm 2 ) and the metal vapors were deposited onto the substrate under a He ambient pressure of 50 mTorr. For the growth of ZnO and Si:Er nanodots, targets were ablated with the same laser ( ¼ 355 nm, 10 mJ, 1.3 J/ cm 2 ) while oxygen gas was fed into the chamber to maintain the ambient oxygen pressure at 1 mTorr. In particular, the oxygen codoping of Er-doped Si thin films is critical for the increase in the photoluminescence (PL) intensity at 1.54 mm.
25)

Results and Discussion
The time-resolved images of the plasma plumes as produced by the laser ablation of the targets are shown in Fig. 3 . As the laser pulse irradiated the target, a luminous plasma plume became clearly visible. The time evolution of the plume was monitored using an intensified charge coupled device (ICCD) camera (Andor 18F-03) with a gate time of 20 ns. The arrival time of each plume was estimated to get an idea of the expansion velocities and kinetic energies of the species in the plume. No optical filters were used when the plume images were captured. It was found that it takes about 3 ms for the luminous plume to reach the Figure 4 shows the SEM images of nanodot arrays formed by the laser deposition of Ag, Ni, Zn, and Si:Er through the nanopores of the alumina template. The size distributions of the nanodots including the average diameters and heights as measured by SEM and AFM, respectively, are shown in Fig. 5 . Ag nanodots with an average diameter of 82 nm with a separation of 100 nm were formed by copying the hexagonal pattern of the alumina membrane template as shown in Fig. 4(a) . From the AFM image, the height of the dots was estimated to be 30 nm, indicating that the dot shape is disklike. The dot density is estimated to be $1 Â 10 10 / cm 2 . Even though the interdot separation corresponds to the interpore distance of the alumina membrane, the Ag nanodot size was larger than the pore size by approximately 20 nm. This is attributed to the diffusion of Ag on the Si surface due to the insufficient adhesion of the alumina nanopore membrane on the Si substrate by the van der Waals force, resulting in an imperfect masking effect of the membrane.
For the Ni target, well-separated Ni nanodots with an average diameter of 86 nm with a separation of 100 nm were formed following the formation of the hexagonal pattern of the alumina membrane. This figure also shows a considerable enlargement of Ni dots compared with the membrane pore size indicating the poor adherence of the membrane to Si. This is currently a major drawback of using the alumina membrane as a mask for the reproducible fabrication of metal nanodots. Recently, there have been many efforts to overcome such an imperfect-contact problem by depositing an Al thin film on a Si substrate and performing subsequent anodic oxidation of the Al film, resulting in a nanoporous template on the substrate.
28) The thickness of the Ni dots is estimated to be 7 nm, which is much thinner than the Ag dots shown in Fig. 4(b) . The PLD conditions were the same as those for Ag and Ni targets and we attributed such a different growth rate to the difference in the melting point of the two metals: the melting points of Ag and Ni are 961.9 and 1455 C, respectively. Therefore, under the same laser power, the growth rate of Ni with a higher melting point is expected to be lower than that of Ag. growth of ZnO, a Zn metal target was used and the PLD experiment was performed under an oxygen atmosphere to produce stoichiometric ZnO. The SEM image also clearly shows that a well-ordered ZnO nanodot array was formed by the combination of a self-organized alumina template with a PLD technique. The separation and the hexagonal arrangement exactly follow those of the alumina template. Here, a slight enlargement of the dot size compared with the alumina pore was also observed. The average diameter and height of ZnO nanodots were 71 nm and 13 nm, respectively. The Zn-to-O chemical composition ratio of ZnO films grown by PLD under the same experimental conditions was 6 : 4 as measured by X-ray photoelectron spectroscopy. The SEM image of Si:Er nanodots is shown in Fig. 4(d) . The average diameter and height of Si:Er nanodots were 55 nm and 3 nm, respectively. Unlike Ag, Ni, and ZnO, the average size of Si:Er nanodots was smaller than that of the AAO nanotemplate. A strong PL at 1.54 mm was previously reported from Er-doped Si thin films deposited by laser ablation of a Si:Er target. 29) The PL characteristics of ZnO and Si:Er nanodots are planned to be investigated in the near future. 
